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Introduction {#sec1}
============

Leydig cells are found in the interstitial space of the testis between the seminiferous tubules. These cells produce testosterone, which plays a critical role in the physiological functions of the male reproductive system throughout life ([@bib2]; [@bib6]; [@bib47]). Testosterone synthesis in Leydig cells is tightly regulated by the hypothalamic-pituitary-gonadal (HPG) axis. In the HPG axis, the pituitary gland synthesizes and releases luteinizing hormone (LH) to regulate testosterone production by Leydig cells ([@bib36]). LH binds its receptors (LH receptor gene, LHCGR) on the plasma membrane of Leydig cells and then activates adenylate cyclase to increase intracellular cyclic adenosine monophosphate (cAMP) production, which further results in rapid transport of cholesterol from the outer to the inner mitochondrial membrane in a manner mediated by steroidogenic acute regulatory protein (StAR). Subsequently, Leydig cells synthesize testosterone via a series of steroidogenic enzymes, such as cytochrome P450 cholesterol side-chain cleavage enzyme (CYP11A1), 3β-hydroxysteroid dehydrogenase (HSD3B), cytochrome P450 17α-hydroxylase (CYP17A1), and 17β-hydroxysteroid dehydrogenase 3 (HSD17B3). The expression levels of these proteins are closely related to produce testosterone ([@bib19]; [@bib32]). In the testis, different stages in the development of adult Leydig cells (ALCs), including transitions from stem Leydig cells to progenitor Leydig cells (PLCs), from PLCs to ALCs, have been identified ([@bib7]). The difference of PLCs and ALCs is the products of androgen. PLCs produce primarily androsterone, ALCs secrete mainly testosterone.

Male late-onset hypogonadism (LOH) is characterized by serum testosterone deficiency with advancing age ([@bib31]), which is associated with sexual dysfunction, central adiposity, mood disturbance, osteoporosis, amyotrophy, and other abnormalities ([@bib15]). LOH affects approximately 30% of men aged 40--79 years, increasing in prevalence with age ([@bib3]). Age-related declines in serum testosterone levels are typically not a response to reduced LH but rather a consequence of the decreasing responsiveness of Leydig cells to LH ([@bib17]). Currently, testosterone replacement therapy can be used to treat LOH and reverse many symptoms of low testosterone levels. However, exogenous testosterone supplementation has some adverse effects (gynecomastia, polycythemia, hypertension, acne, and hair loss) and potential risks (heart attack, stroke, and prostate cancer) ([@bib1]). This strategy is not appropriate for long-term therapy due to negative feedback loop of the HPG axis. Therefore, an alternative approach for testosterone supplementation in a physiological pattern is extremely desirable.

Leydig cell transplantation is an ideal alternative approach for long-term provision of physiological hormone patterns ([@bib4]; [@bib33]; [@bib34]). However, Leydig cells are terminally differentiated cells and do not proliferate *in vitro*. The scarcity of Leydig cells limits their use for Leydig cell transplantation ([@bib6]; [@bib12]). A previous study demonstrated for the first time that nuclear receptor subfamily 5 group A member 1 (NR5A1/SF-1) directly differentiates embryonic stem cells (ESCs) into steroidogenic cells ([@bib8]). Thereafter, several studies attempted to generate Leydig cells from mesenchymal stem cells ([@bib11]; [@bib44]), and induced pluripotent stem cells (iPSCs) ([@bib21]; [@bib39]) via ectopic expression of SF-1. However, iPSC- or ESC-derived cells may carry ethical concerns and a risk of tumor occurrence. In our previous study, we succeeded in directly reprogramming fibroblasts into Leydig cells by forced expression of the transcription factors, *Dmrt1*, *Gata4*, and *Nr5a1* ([@bib42]). The induced Leydig-like cells expressed steroidogenic genes, and acquired the capability for androgen synthesis. Although this technique provided a promising strategy for obtaining functional Leydig cells, the risks associated with genomic insertion of exogenous DNA sequences invoked concerns about its safety for future applications.

Recently, an increasing number of studies have suggested that the potency and advantages of small molecules, which could overcome the limitations of genetic manipulation, in reprogramming cellular fate ([@bib25]; [@bib27]). Small-molecule compounds can be easily manufactured, preserved and standardized. [@bib46] reported a defined small-molecule cocktail that enabled the conversion of human fibroblasts into functional Leydig cells with only one transcription factor. The study suggested the feasibility of inducing the conversion of fibroblasts into Leydig cells by a chemical cocktail. However, in this study, forced expression of the transcription factor was needed. Thus, exploring a defined small-molecule cocktail to replace the transcription factor is necessary. Inspiringly, an increasing number of studies have shown the success of inducing the conversion of somatic cells into pluripotent stem cells ([@bib14]), neurons ([@bib26]), cardiomyocytes ([@bib5]), and pancreatic β cells ([@bib20]) via pure chemical compounds.

Therefore, in this study, we focused on generating Leydig cells with pure small-molecule compounds. We found a defined small-molecule cocktail that could replace transcription factors to directly convert fibroblasts into progenitor Leydig-like cells. During this conversion process, brief exposure to a chemical cocktail could facilitate the conversion of fibroblasts into functional progenitor Leydig-like cells without ectopic expression of genes. Our findings demonstrated the feasibility of using pure chemicals to generate functional Leydig-like cells, which may serve as an alternative and accessible source of cells for Leydig cell replacement therapies as well as *in vitro* disease modeling, toxicity testing, and drug development.

Results {#sec2}
=======

Small Molecules Induce Leydig Cell Fate without a Progenitor Stage {#sec2.1}
------------------------------------------------------------------

In our previous study, we demonstrated that *Nr5a1* is a pioneer transcription factor ([@bib42]). *Nr5a1* can initiate fibroblast reprogramming toward a Leydig cell fate. Therefore, replacing the *Nr5a1* with defined small molecules represented an essential first step during the Leydig cell reprogramming process. To determine whether small molecules could activate the endogenous *Nr5a1*, we performed a preliminary screen, which identified 12 compounds (12C) that predominantly target epigenetic modifications (DAPT, XAV939, and 5-azacytidine), metabolic activities (LH, 20-hydroxycholesterol, and triiodothyronine \[T3\]), and signaling pathways involved in Leydig cell fate patterning (PDGFAA, activin B, forskolin, insulin growth factor 1 \[IGF1\], LiCl, and SB431542) ([Figure 1](#fig1){ref-type="fig"}A). To avoid contamination of gonad lineage cells among mouse embryonic fibroblasts (MEFs), we examined the preliminary cell population by immunofluorescence analysis. Approximately 99% of cells expressed the fibroblasts marker vimentin ([Figure 1](#fig1){ref-type="fig"}B). In addition, qPCR analysis did not reveal an increase in the levels of genes that are highly expressed in gonad lineage cells ([Figure S1](#mmc1){ref-type="supplementary-material"}). These results indicated no detectable contamination of gonad lineage cells among the preliminary cells population, confirming the purity of the preliminary cell population for the subsequent experiments.Figure 1Identification of Leydig Cell Fate Inducing Small Molecules(A) Candidate small-molecule compounds tested for their ability to produce Leydig-like cells.(B) Immunostaining showing cultured cells expressing the fibroblast marker vimentin. Scale bar, 400 μm.(C) Scheme of the preliminary approach.(D) Testosterone production in MEFs treated with 12C after 1 week of induction.(E) qRT-PCR analysis of the Leydig cell maker *Nr5a1* in MEFs treated with various combinations of 12 or 11 compounds for 1 week.(F) Testosterone production in MEFs treated with various combinations of 12 or 11 compounds for 1 week.(G) qRT-PCR analysis of the Leydig cell maker *Nr5a1* treated with various combinations of 4 or 3 compounds for 1 week.(H) Testosterone production in MEFs treated with various combinations of 4 or 3 compounds for 1 week.(I) Flowchart indicating the screening result.The data were obtained from at least three independent experiments and are presented as mean ± SD values. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. 12C: the combination of 12C compounds. 4C: the combination of forskolin, 20α-hydroxycholesterol, LH, and SB431542. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

The combination of the 12C was added to the MEF culture medium for 7 days ([Figure 1](#fig1){ref-type="fig"}C). Testosterone production was analyzed, and the results suggested that 12C could convert fibroblasts into the testosterone-producing cells ([Figure 1](#fig1){ref-type="fig"}D). We next attempted to identify the critical molecule for Leydig cell conversion. To this end, we removed each factor separately from the cocktail. Removal of PDGFAA, activin B, DAPT, XAV939, IGF1, 5-azacytidine, LiCl, or T3 did not significantly change *Nr5a1* expression or testosterone production ([Figures 1](#fig1){ref-type="fig"}E and 1F), suggesting that these factors are dispensable during the reprograming process. However, removal of SB431542, the inhibitor of transforming growth factor β (TGF-β) type I receptor kinase (ALK-5), nearly abolished the induction of *Nr5a1* expression ([Figure 1](#fig1){ref-type="fig"}E), indicating that SB431542 plays an important role in Leydig cell fate transformation. The 12C combination without PDGFAA, activin B, DAPT, XAV939, IGF1, 5-azacytidine, LiCl and T3 was a pool of four compounds---forskolin, 20α-hydroxycholesterol, LH, and SB431542---and was referred to as 4C. The compounds in 4C were retained in the next round of screening. Individual removal of forskolin, LH, and SB431542 from 4C significantly decreased the expression of *Nr5a1* ([Figure 1](#fig1){ref-type="fig"}G), while removal of 20α-hydroxycholesterol from 4C drastically suppressed testosterone synthesis ([Figure 1](#fig1){ref-type="fig"}H). This result suggested that forskolin, LH, and SB431542 were essential for *Nr5a1* expression and that 20α-hydroxycholesterol has an important role for in testosterone biosynthesis. In addition, MEFs were treated with forskolin, LH, SB431542, or 20α-hydroxycholesterol alone for 7 days. Although forskolin, LH, SB431542, or 20α-hydroxycholesterol treatment alone resulted in mild upregulation of *Nr5a1*, no significant difference was observed compared with the control. The expression levels of *Star*, *Cyp17a1*, *Hsd3b*, and *Hsd17b3* were significantly increased in the presence of LH, or SB431542 alone. 20α-Hydroxycholesterol significantly increased *Hsd3b* expression, which could increase steroidogenesis. The cooperative action of forskolin, LH, SB431542, and 20α-hydroxycholesterol significantly enhanced Leydig-related gene expression ([Figure S2](#mmc1){ref-type="supplementary-material"}). Therefore, 4C was used for further study ([Figure 1](#fig1){ref-type="fig"}I).

MEFs treated with 4C (MEFs-4C) displayed elongated, bipolar Leydig-like extensions after 7 days, whereas MEFs not supplemented with small-molecule cocktail exhibited no morphological changes during the early stage of treatment. The confluency of cultured cells treated with 4C decreased, while that of MEFs increased ([Figures 2](#fig2){ref-type="fig"}A and 2B). We then analyzed the dynamic expression pattern of the Leydig cell fate transcription factors, *Nr5a1*, *Dmrt1*, and *Gata4* after 4C treatment. Interestingly, in the absence of exogenous transcription factors, the 4C was sufficient to upregulate the expression of the Leydig cell fate genes, *Nr5a1*, *Dmrt1*, and *Gata4* ([Figures 2](#fig2){ref-type="fig"}C--2E) and downregulate the expression of MEF marker genes (*Postn* and *Col5a2*) ([Figures 2](#fig2){ref-type="fig"}F and 2G). Moreover, almost no expression of the adrenal-specific steroidogenic genes *Cyp11b1*, *Cyp21a1*, and *Cyp11b2* was detected ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3C).Figure 2Conversion of MEFs into Leydig-like Cells by the Combination of Forskolin, 20α-Hydroxycholesterol, LH, and SB431542 (4C)(A) Schematic of the experimental procedure.(B) Cells morphology was transformed from a fibroblast morphology to a Leydig cell morphology during the induction process. Representative images from days 0, 7, and 14 are shown. Scale bars, 100 μm.(C--E) qRT-PCR analysis of key Leydig transcription factor genes (C, *Nr5a1*; D, *Gata4*, and E, *Dmrt1*) after induction with 4C.(F and G) qRT-PCR analysis of fibroblast genes (F, *Postn*; G, *Col5a2*) after induction with 4C.(H) Cell proliferation curves during the induction process. Three wells were harvested for cell counting.The data were obtained from three independent experiments and are presented as the mean ± SD values. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001. MEFs-4C: MEFs treated with the combination of forskolin, 20α-hydroxycholesterol, LH, and SB431542. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

We subsequently examined whether the conversion process involved transition through a defined pluripotent stage. As expected, almost no expression of the pluripotency markers *Oct4* and *Nanog* was detected throughout the reprogramming process ([Figures S3](#mmc1){ref-type="supplementary-material"}D and S3E). In addition, the proliferation curve of MEFs-4C did not change significantly from 7 to 21 days ([Figure 2](#fig2){ref-type="fig"}H). These results suggested that the conversion process did not include a pluripotent stage.

Collectively, these findings demonstrated that the combination of forskolin, 20α-hydroxycholesterol, LH, and SB431542 initiated Leydig fates from fibroblasts rather than adrenal cells; and that this process did not include an intermediate pluripotent state.

MEFs-4C Exhibit Characteristics of Leydig Cells {#sec2.2}
-----------------------------------------------

To characterize the dynamic expression pattern of Leydig cell fate genes during conversion, the expression of Leydig-specific genes was assessed on days 7, 14, and 21. The expression of *Star*, *Cyp11a1*, *Hsd3b*, *Cyp17a1*, and *Hsd17b3* was significantly increased in MEFs-4C on day 7, increased gradually, and then remained stable from days 14 to 21 ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4E). Correspondingly, culture supernatants were harvested for quantification of testosterone at the indicated time points. MEFs-4C began to secrete testosterone at day 4; and the yield gradually increased, plateauing on day 14 ([Figure S4](#mmc1){ref-type="supplementary-material"}F).

On day 21, the induced cells acquired a short fusiform morphology resembling that of endogenous Leydig cells, while MEFs were arranged in a cobblestone pattern with polygonal shapes and large nuclei ([Figure 3](#fig3){ref-type="fig"}A). To identify the developmental stage of MEFs-4C, the expression of steroidogenic-related genes and the levels of intermediate products of testosterone were assessed. MEFs-4C expressed Leydig lineage biomarkers, such as *Nr5a1*, *Star*, *Cyp11a1*, *Hsd3b1*, *Cyp17a1*, and *Hsd17b3.* The expression level of some Leydig markers (*Star*, *Hsd3b*, and *Cyp17a1*) were close to primary PLCs ([Figure 3](#fig3){ref-type="fig"}B). Notably, MEFs-4C produced androsterone, and the level of androsterone by MEFs-4C was comparable with endogenous PLCs and ALCs ([Figures 3](#fig3){ref-type="fig"}C and 3D). However, the level of testosterone and dihydrotestosterone was lower in MEFs-4C than in ALCs. There was no significant difference between MEFs-4C and endogenous PLCs ([Figures 3](#fig3){ref-type="fig"}E and 3F). Subsequently, the expression of PLC lineage markers was further confirmed by immunocytochemistry. MEFs-4C strongly expressed the key steroidogenic enzymes StAR and CYP17A1. In contrast, MEFs were negative for the expression of those proteins ([Figure 3](#fig3){ref-type="fig"}G). The results of western blot showed that MEFs-4C expressed NR5A1, DMRT1, and GATA4 ([Figure 3](#fig3){ref-type="fig"}H). Taken together, these findings indicated that MEFs-4C expressed steroidogenic genes, and acquired androgen synthesis capabilities, which were much more similar---although not really equivalent---to endogenous PLCs than to MEFs.Figure 3Characteristics of CiLCs(A) Morphology of MEFs, MEFs-4C, PLCs, and ALCs. MEFs-4C: MEFs were treated with the combination of four small molecules (forskolin \[FSK\], 20α-hydroxycholesterol, LH, and SB431542) for 21 days. Scale bars, 100 μm.(B) qRT-PCR analysis of key Leydig cell-related genes in MEFs, MEFs-4C, PLCs, and ALCs.(C) Steroidogenic pathway in PLCs and ALCs.(D--F) Production of androsterone (D), testosterone (E), and dihydrotestosterone (F) by MEFs-4C, PLCs, and ALCs.(G) Immunostaining of the Leydig cell markers StAR and HSD3B in MEFs-4C and PLCs.(H) Representative western blotting for the protein expression in MEFs-4C and PLCs.The data were obtained from at least three independent experiments and were presented as mean ± SD values. ns, not significant. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

The Steroidogenic Pathway of Testosterone Biosynthesis Is Present in MEFs-4C {#sec2.3}
----------------------------------------------------------------------------

Leydig cells are the only cells that respond to LH in the testis. LHCGR plays a central role in the maintenance of testicular testosterone production. After LH binds to LHCGR, the steroid substrate cholesterol is transported into Leydig cells via SRBI (a lipoprotein receptor). Subsequently, cholesterol is translocated into the mitochondria and is then used for testosterone synthesis via a series of steroidogenic enzymes ([Figure 4](#fig4){ref-type="fig"}A). We evaluated the expression of LHCGR and SRBI in MEFs-4C using western blotting. MEFs-4C expressed LHCGR and SRBI, but the expression of these proteins was almost undetectable in MEFs ([Figure 4](#fig4){ref-type="fig"}B). Oil red O staining showed that the cytoplasm of MEFs-4C and endogenous PLCs contained many lipid droplets, which are necessary for testosterone production. In contrast, no lipid droplets were found in MEFs ([Figure 4](#fig4){ref-type="fig"}C). In addition, staining to evaluate HSD3B enzymatic activity indicated that MEFs-4C were HSD3B positive (deep purple color), confirming that MEFs-4C exhibit HSD3B enzymatic activity ([Figure 4](#fig4){ref-type="fig"}D). High-density lipoprotein (HDL) cholesterol is a major source of cholesterol for testosterone production in Leydig cells. To examine the potential role of SRBI, LHCGR, and HSD3B in cholesterol uptake and testosterone synthesis, testosterone production by MEFs-4C was examined after treatment with LH and HDL for 3 h ([Figure 4](#fig4){ref-type="fig"}E). MEFs-4C treatment with LH significantly increased testosterone production in a dose-dependent manner ([Figure 4](#fig4){ref-type="fig"}F).Figure 4Testosterone Synthesis in Induced Leydig-like Cells(A) Schematic illustration of the process by which cholesterol is converted to testosterone in Leydig cells.(B) Representative western blotting for LHCGR and SRBI in MEFs, MEFs-4C, and PLCs.(C) Cells stained with Oil red O (red). Scale bars, 10 μm.(D) MEFs, MEFs-4C, and PLCs stained for HSD3B enzymatic activity (purple). Scale bars, 100 μm.(E) Schematic of the experimental procedure.(F) Testosterone production in cells incubated in medium containing LH (10 ng/ml and 100 ng/ml) and HDL for 3 h.The data were obtained from three independent experiments and were presented as the mean ± SD values. ^∗∗^p \< 0.01.

Taken together, these results demonstrated that MEFs-4C expressed steroidogenic genes, acquired the capacity for testosterone synthesis. More importantly, the MEFs-4C expressed LHCGR, which made these cells responsive to LH signaling and producing testosterone. Therefore, we named these MEFs-4C as chemical-induced Leydig-like cells (CiLCs).

Transcriptome Analysis of CiLCs {#sec2.4}
-------------------------------

To understand the global transcriptional changes, we investigated the gene expression profiles of MEFs, CiLCs, and PLCs. Hierarchical clustering analysis showed that the transcriptome profiles of CiLCs were more distant from those of MEFs than from those of PLCs, indicating a variation in tendency from fibroblasts to Leydig cells. Among the 17,749 genes analyzed, 1,711 genes were differentially expressed by more than 2-fold between MEFs and CiLCs, with 944 genes upregulated and 767 genes downregulated in CiLCs ([Figure 5](#fig5){ref-type="fig"}A). Scatterplot visualization showed that 4C downregulated the MEF-enriched genes, such as *Col5a2*, *Slit2*, *Mfap4*, *Fbln5*, *Itga11*, and *Tnc*, and activated Leydig cell-specific genes, including *Nr5a1*, *Hsd17b3*, *Cyp11a1*, *Gata4*, *Star*, and *Hsd3b* ([Figure 5](#fig5){ref-type="fig"}B). Gene ontology analysis suggested that the genes upregulated in the CiLCs were enriched in cell differentiation, cholesterol metabolic process, which is related to the steroidogenic function of PLCs ([Figure 5](#fig5){ref-type="fig"}C).Figure 5Transcriptome Analysis of CiLCs(A) Heatmap of microarray data. Blue indicates decreased expression, and red indicates increased expression.(B) Scatterplots showing that, in CiLCs, the majority of PLC markers were switched on, whereas fibroblast markers were silenced.(C) Gene ontology (GO) term analyses of the top 10 GO categories in CiLCs compared with MEFs. The p values represent the Bonferroni-corrected EASE score.(D) Heatmap image of gene expression of Leydig cell and fibroblast enriched genes in MEFs, CiLCs, and PLCs.(E) Experimental verification of by qRT-PCR of fibroblast gene expression level in MEFs, CiLCs, and PLCs using qRT-PCR.(F) Experimental verification of by qRT-PCR of Leydig gene expression level in MEFs, CiLCs, and PLCs using qRT-PCR. The data were obtained from three independent experiments and are presented as the mean ± SD.CiLCs: MEFs were treated with the combination of four small molecules (FSK, 20α-hydroxycholesterol, LH, and SB431542) for 21 days.

The heatmap and qRT-PCR further revealed that the expression of steroidogenic genes increased significantly, including *Nr5a1*, *Gata4*, *Dmrt1*, *Star*, *Cyp11a1*, *Hsd3b*, *Cyp17a1*, and *Hsd17b3*. In contrast, levels of the fibroblast markers *Col5a2*, *Postn*, *Fbln5*, *Itga11*, and *Mfap4* were markedly downregulated ([Figures 5](#fig5){ref-type="fig"}D--5F). Taken together, these data further verified that 4C can successfully initiate MEF reprogramming toward Leydig-like cell. The genome-wide gene expression profile of CiLCs resembled that of endogenous PLCs, although not identical to the real PLCs.

Intratesticular Transplantation of CiLCs Rescue Testosterone Deficiency in Male Rats {#sec2.5}
------------------------------------------------------------------------------------

To assess the ability of CiLCs to survive and function *in vivo*, we transplanted CiLCs into the testes of ethylene dimethanesulfonate (EDS)-treated rats (a model of androgen deficiency). To trace the transplanted cells *in vivo*, CiLCs and MEFs were labeled with PKH26, a red fluorescent lipophilic dye, and the CiLCs were then implanted into the parenchyma of the recipient EDS-treated rats. Negative control rats received PBS alone or were implanted with MEFs. Serum was collected for quantitative testosterone determination on days 7, 14, and 21 after transplantation ([Figure 6](#fig6){ref-type="fig"}A). The serum testosterone level began to increase in CiLC-treated rats at 14 days. After 21 days, implantation of CiLCs dramatically promoted the recovery process, and the serum testosterone level in CiLC-transplanted group was restored to near the normal control level. However, the level of testosterone was not significantly different between the EDS-MEFs group and the EDS-PBS group ([Figure 6](#fig6){ref-type="fig"}B).Figure 6Intratesticular Transplantation of CiLCs Rescues Testosterone Deficiency in Male Rats(A) Summary schematic showing the experimental procedure used for cell transplantation.(B) Total serum testosterone levels on days 7, 14, and 21 after transplantation.(C) Rats in the CiLC-transplanted group appeared to exhibit a diurnal rhythm of testosterone secretion. The serum testosterone concentration was measured at the indicated time points.(D) Immunofluorescence staining showing the cells positive for PKH26 (red) and CYP17A1 (green) on day 21 after grafting. Nuclei were stained with DAPI (blue). Scale bars, 50 μm.EDS + PBS: rats treated with EDS and injected with PBS; EDS + MEFs: rats treated with EDS and injected with MEFs; EDS + CiLCs: rats treated with EDS and injected with CiLCs.All quantitative data are shown as the mean ± SD values, each group contained at least seven animals. ^∗∗^p \< 0.01 and ^∗∗∗^p \< 0.001. ns, not significant.

To determine whether CiLC-treated rats exhibited a diurnal testosterone rhythm, we collected blood samples every 6 h from 23:00 h on day 21 to 23:00 h on day 22 after cell transplantation. As expected, the serum testosterone level in the EDS-CiLC group displayed a pulsatile circadian rhythm similar to that of saline-injected normal rats, whereas this rhythm was not observed in the EDS-MEFs group or EDS-PBS group ([Figure 6](#fig6){ref-type="fig"}C).

The rats were euthanized, and their testes were removed and examined on day 22 after transplantation. The PKH26-labeled cells were localized exclusively to the testicular interstitium and expressed the Leydig cell marker CYP17A1. In contrast, MEFs did not express CYP17A1 ([Figure 6](#fig6){ref-type="fig"}D). Together, these findings indicated that CiLCs acquired key properties of real Leydig cells, they were capable of colonizing the interstitium and have the potential to restore the serum testosterone level while simultaneously preserving the HPG axis.

Reprogramming Human Periodontal Ligament Fibroblasts into Human CiLCs {#sec2.6}
---------------------------------------------------------------------

To confirm whether our reprogramming strategy is suitable for the human fibroblast line, we treated HPLFs with 4C. Similar to MEFs, human periodontal ligament fibroblasts (HPLFs) treated with 4C expressed Leydig cell marker genes ([Figure 7](#fig7){ref-type="fig"}A). The immunofluorescence results revealed that human CiLCs (h-CiLCs) expressed HCG, NR5A1, STAR, CYP17A1, and HSD3B ([Figure 7](#fig7){ref-type="fig"}B). Similarly, induced h-CiLCs stopped proliferation after treatment with the small molecules ([Figure 7](#fig7){ref-type="fig"}C). In addition, h-CiLCs exhibited testosterone synthesis capability, whereas HPLFs did not produce testosterone ([Figure 7](#fig7){ref-type="fig"}D). Collectively, these results indicated that the combination of forskolin, 20α-hydroxycholesterol, LH, and SB431542 can induce the conversion of human adult fibroblasts into functional Leydig cells.Figure 7Small Molecules Facilitate the Conversion of Human Periodontal Ligament Fibroblasts into Leydig-like Cells (h-CiLCs)(A) RT-PCR analysis of Leydig cell-specific markers on day 21 after treatment of human periodontal ligament fibroblasts (HPLFs) with the combination of FSK, 20α-hydroxycholesterol, LH, and SB431542.(B) Immunostaining for the Leydig cell markers HCG, NR5A1, HSD3B, and CYP17A1 on day 21.(C) Changes in the numbers of HPLFs and h-CiLCs.(D) Analysis of testosterone production during culture.The data were obtained from three independent experiments and were presented as the mean ± SD values. ^∗∗^p \< 0.01 and ^∗∗∗^p \< 0.001.

Discussion {#sec3}
==========

*Nr5a1* has been considered a pioneer transcription factor of Leydig cell development and function ([@bib9]; [@bib13]; [@bib18]; [@bib29]). Previously, we demonstrated that fibroblasts can be converted into Leydig-like cells by *Dmrt1*, *Nr5a1*, and *Gata4* ([@bib42]). Thereafter, several studies used *Nr5a1* overexpression to induce the conversion of fibroblast to steroidogenic cells ([@bib22]; [@bib46]). However, in these studies, the viral vectors did not allow for control over protein expression and might induce oncogenesis upon integration into the host genome, raising safety concerns for the future applications of this technique. Accumulating studies have shown the potency and advantages of small-molecule-based approaches for cellular fate reprogramming, which could overcome the limitations of transcription factor-induced reprogramming, as this technique does not require genetic manipulation ([@bib16]; [@bib25]; [@bib30]; [@bib40]).

In this study, we investigated whether treatment with small molecules could induce the conversion of fibroblasts into Leydig cells. To screen small molecules for reprogramming conversion into Leydig cells, we focused mainly on chemicals known to play important roles in the Leydig cell fate patterning, especially in epigenetic modulation and signaling pathways---for example, PDGFAA, activin B, DAPT, XAV939, forskolin, LH, 20α-hydroxycholesterol, IGF1, and 5-azacytidine ([@bib7]; [@bib24], [@bib23]; [@bib28]). *Nr5a1* expression and testosterone production are two basic characteristics of Leydig cells. And *Nr5a1* is considered an important contributor to Leydig cell fate transformation. Therefore, *Nr5a1* expression and testosterone production were used to determine whether these small molecules efficiently reprogrammed fibroblasts into Leydig-like cells. We found the combination of forskolin, 20α-hydroxycholesterol, LH, and SB431542 effectively induced fibroblast reprogramming into progenitor Leydig-like cells.

In our previous study, we demonstrated that forskolin induced mESC differentiating into Leydig-like cells *in vitro* ([@bib43]). Forskolin activates cAMP/protein kinase A signaling and triggers the first step in testosterone synthesis ([@bib10]; [@bib38]; [@bib45]). In this study, removal of forskolin greatly decreased the *Nr5a1* expression and testosterone production; and removal of SB431542 nearly abolished the induction of *Nr5a1* expression. This lack of induction might occur because TGF-β negatively regulates steroidogenic gene expression ([@bib41]), and TGF-β inhibits the differentiation of PLCs into the ALCs lineage in the testis ([@bib23]). In addition, the critical role of LH in steroidogenic function is well established ([@bib35]). Without LH stimulation, steroidogenic enzyme activities in Leydig cells are reduced. In our study, forskolin, LH, and SB431542 were important in inducing *Nr5a1* expression. 20α-Hydroxycholesterol played a pivotal role in testosterone synthesis. Since 20α-hydroxycholesterol is a kind of steroid, to exclude the possibility that RIA detected 20α-hydroxycholesterol as testosterone, the testosterone levels in basal medium with and without 20α-hydroxycholesterol was measured by RIA. Testosterone could be detected in the positive control, whereas the testosterone levels in basal medium with and without 20α-hydroxycholesterol were very low ([Figure S5](#mmc1){ref-type="supplementary-material"}).

In addition, MEFs were treated with forskolin, LH, SB431542, or 20α-hydroxycholesterol alone for 7 days, which resulted in mild upregulation of *Nr5a1* expression. However, no significant differences were observed compared with the control cells. The expression levels of *Star*, *Cyp17a1*, *Hsd3b*, and *Hsd17b3* were significantly increased in the presence of LH or SB431542 alone. In addition, 20α-hydroxycholesterol significantly increased the expression of *Hsd3b*. Therefore, the cooperative action of forskolin, LH, SB431542, and 20α-hydroxycholesterol is essential for promoting global Leydig-related gene expression. The combination of forskolin, 20α-hydroxycholesterol, LH, and SB431542 activated transcription factors to direct fibroblast reprogramming toward Leydig cell linage, significantly upregulated the expression of Leydig cell-related gene expression, and promoted production of testosterone by CiLCs.

CiLCs expressed steroidogenic genes, and acquired the ability to synthesize steroid hormones. Furthermore, the reprogramming process was direct and did not include an intermediate pluripotent state, and these cells ceased to proliferate, indicating that they lacked the ability to form high numbers of tumor-like spheroids. In addition, *Hsd17b3* and *Lhcgr* were upregulated in CiLCs. HSD17B3 specifically metabolizes androsterone to testosterone in steroidogenic pathway. The expression of LHCGR made these cells responsive to LH signaling, which is essential for the production of testosterone by CiLCs in a circadian rhythm. More importantly, CYP21B, which is involved in cortisol and aldosterone synthesis, was barely detectable, suggesting that these CiLCs were more similar to Leydig cells rather than to adrenal cells. Besides, this induction strategy is applicable to the induction of Leydig-like cells from HPLFs. In the future, we plan to study multiple fibroblast lines with variable genetic backgrounds.

The current standard of care for men with testosterone deficiency is lifelong exogenous testosterone therapy. However, exogenous testosterone therapy has several adverse effects, including infertility due to negative feedback effects on HPG axis ([@bib37]). The ideal treatment for testosterone deficiency should provide physiological testosterone levels, exhibit the appropriate circadian rhythm, and be modulated by the HPG axis. Leydig cell autograft is a promising therapeutic approach to increase serum testosterone while simultaneously preserving testicular function. However, isolating and proliferating Leydig cells is difficult because of the lack of specific markers and Leydig cell population in adult testis, which limits application of Leydig cell transplantation. Our findings demonstrated that fibroblasts can be directly converted into CiLCs by pure chemical compounds. Although partial gene expression levels of CiLCs are still significantly lower than those in endogenous PLCs, the CiLCs are not really equivalent to the real PLCs. Importantly, the CiLCs indeed express steroidogenic genes and have a global gene expression profile resembling that of endogenous PLCs, and produce testosterone in a circadian rhythm. In addition, the expression level of Leydig cell-specific genes, *Star*, *Hsd3b*, and *Cyp17a1* in CiLCs showed no significant difference compared with PLCs. When CiLCs were transplanted into rats that were selectively depleted of endogenous ALCs, the transplanted cells could survive and function in the interstitium of the testis, resulting in the restoration of normal levels of serum testosterone while simultaneously preserving the HPG axis. This strategy would provide an alternative strategy allowing the treatment of male hypogonadism with an appropriate circadian rhythm.

In addition, although *Nr5a1*, *Dmrt1*, and *Gata4* expression in CiLCs was significantly lower than in PLCs after induction for 28 days, the expression of genes involved in steroidogenesis (*Star*, *Cyp11a1*, *Hsd3b*, and *Cyp17a1*) increased significantly, there was no significant difference between CiLCs and PLCs ([Figure S5](#mmc1){ref-type="supplementary-material"}). However, CiLCs were difficult to maintain 28 days later *in vitro.* Further optimization of the *in vitro* culture system is needed to improve the viability of CiLCs. To determine whether CiLCs reverted back to the fibroblastic stage after prolonged cultivation. After 21 days of induction, the medium was replaced with basal medium without chemical compounds and CiLCs were cultured for another week. The Leydig cell-related genes were still detectable in CiLCs after the removal of small molecules ([Figure S7](#mmc1){ref-type="supplementary-material"}) for 7 days, suggesting that CiLCs are stably converted.

In summary, this study demonstrated that a pure chemical cocktail is sufficient to reprogram fibroblasts into Leydig-like cells without transitioning through an intermediate state. In addition, this induction strategy was applicable to HPLFs. These induced cells were modulated by the HPG axis and produced testosterone in a diurnal rhythm. Unlike genetic manipulation, which may cause mutations, reprogramming fibroblasts into Leydig cells with small molecules likely represents an alternative source of Leydig cells independent of donor testis, which would be of great significance for both basic research and clinical application. In future, by optimizing the protocol, a safe and effective treatment can be developed for men with low testosterone who desire fertility preservation.

Experimental Procedures {#sec4}
=======================

Preparation and Culture of MEFs {#sec4.1}
-------------------------------

MEFs were prepared from embryos of wild-type C57BL/6 mice at embryonic days 12.5--13.5. The head and visceral tissues were carefully removed from the embryos, and the remaining tissues were minced with a pair of forceps and incubated in a solution containing 0.25% trypsin and 1 mM EDTA for 10--15 min at 37°C. After the trypsinization, MEF medium Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Natocor), 2 mM L-glutamine, and penicillin/streptomycin (all from Life Technologies)) were added and pipetted to dissociate the tissue fragments. Cells were collected by centrifugation (250 × g for 5 min) and resuspended in MEF medium. Cells were seeded in 90-mm dishes and cultured in an incubator at 37°C with 5% CO~2.~ After 4--6 h, nonadherent cells were discarded, and adherent MEFs were cultured to confluence, with replacement of the growth medium every 2 days. MEFs were used at passage 3.

Generation of CiLCs {#sec4.2}
-------------------

Small molecules were dissolved according to the manufacturer\'s instructions and were then processed for use at the following final concentrations: PDGFAA (Proteintech), 10 ng/mL; activin B (Proteintech), 2 μM; DAPT (Selleck), 1 μM; XAV939 (Selleck), 20 μM; forskolin (Selleck), 10 ng/mL; LH (Sigma), 1 μg/mL; 20α-hydroxycholesterol (Sigma), 10 ng/mL; IGF1 (Proteintech) 50 ng/mL; 5-azacytidine (Selleck), 5 μM; LiCl (Sigma) 5 mM; SB431542 (Selleck) 1 μM, and T3 (Sigma), 10 mM. Passaged MEFs and HPLFs (purchased from ScienCell) were seeded at a density of 100,000 cells per well in six-well plates and cultured in medium (DMEM, 10% FBS) overnight. Then, the medium was replaced with induction medium (DMEM supplemented with 10% FBS) containing the following small molecules: PDGFAA, activin B, DAPT, XAV939, forskolin, LH, 20α-hydroxycholesterol, IGF1, 5-azacytidine, LiCl, SB431542, and T3. The induction medium containing small molecules was replaced every 2 days.

Isolation and Culture of Leydig Cells {#sec4.3}
-------------------------------------

PLCs were obtained from male mice at postnatal day 21. ALCs were obtained from adult male mice (8 weeks old). In brief, decapsulated testes were enzymatically dispersed with 0.25 mg/mL collagenase D (Roche) in DMEM for 10 min at 34°C. The dispersed cells were filtered through 100-μm nylon mesh, and the cells were separated by Percoll gradient (Sigma) centrifugation. After centrifugation at 23,500 × *g* for 45 min at 4°C, the fractions of PLCs with densities between 1.070 and 1.088 g/mL, and those of ALCs with densities of 1.070 g/mL and higher were collected. The isolated Leydig cells were directly seeded into six-well plates, and cultured at 34°C in DMEM containing 10% FBS. After 24 h days of culture, the cells were collected for PCR, sequencing, and other analyses. Meanwhile, cell culture supernatant was used for hormone quantification.

Animals {#sec4.4}
-------

Sprague-Dawley rats (90 days old) were obtained from the Experimental Animal Center of Guangdong Province, China. All animals were housed under controlled temperature (24°C ± 1°C) and relative humidity (50%--60%) conditions on a light:dark cycle of 12 h:12 h. Standard rodent chow and drinking water were freely accessible. All surgical and postoperative care procedures were approved by the Institutional Animal Care and Use Committee of Jinan University.

Cell Transplantation {#sec4.5}
--------------------

Before transplantation, male Sprague-Dawley rats were administered a single intraperitoneal injection of EDS (75 mg/kg body weight) to eliminate their endogenous Leydig cells. Four days after EDS treatment, we evaluated whether CiLCs facilitated the recovery of Leydig cell dysfunction in rats. CiLCs (grown on 90-mm plates) and MEFs were gently dissociated, resuspended manually, and collected. Then, the cells were rinsed twice with PBS and stained with the red fluorescent dye PKH26 (Sigma) according to the manufacturer\'s instructions. The PKH26-labeled CiLCs (1 × 10^6^ cells in 50 μL PBS) were injected into the testicular parenchyma of the recipient rats. As a control, EDS-treated rats were subjected to testicular injection of the same volume of PBS or MEFs. Sera from all animals were collected 0, 7, 14, and 21 days after transplantation and were examined by RIA. Testes from all animals were collected 21 days after transplantation for histological analysis.

Statistical Analyses {#sec4.6}
--------------------

All experiments were repeated at least three times, and data are expressed as the mean ± one standard deviation around the mean (SD). Statistical analyses were performed with an unpaired Student\'s t test or a one-way ANOVA for comparisons among more than two groups. A two-tailed value of p \< 0.05 was considered statistically significant.
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